To establish the function of the periplasmic Fe-only hydrogenase in the anaerobic sulfate reducer Desulfovibrio vulgaris (Hildenborough), derivatives with a reduced content of this enzyme were constructed by introduction of a plasmid that directs the synthesis of antisense RNA complementary to hydrogenase mRNA. It was demonstrated that the antisense RNA technique allowed specific suppression of the synthesis of this hydrogenase in D. vulgaris by decreasing the amount of hydrogenase mRNA but did not result in the complete elimination of the enzyme, as is usual with most conventional mutagenesis techniques. The hydrogenase content in these antisense RNA-producing D. vulgaris clones was two-to threefold lower than in the parental strain when the strains were grown in batch cultures with lactate as a substrate and sulfate as a terminal electron acceptor. Under these conditions, several differences in growth parameters were measured between the hydrogenase-suppressed clones and wild-type D. vulgaris: growth rates of the clones decreased two-to threefold, and at excess lactate, growth yields were reduced by 20%. Furthermore, the amount of hydrogen measured in the culture headspaces was reduced three-to fivefold for the clones. These observations indicate that this hydrogenase has an important function during growth on lactate and is involved in hydrogen production from protons and electrons originating from at least one of the two oxidation reactions in the conversion of lactate to acetate. The implications for the energy metabolism of D. vulgaris are discussed.
Molecular hydrogen has been shown to play an important role in the energy metabolism of strictly anaerobic sulfate reducers belonging to the genus Desulfovibrio (1, 3, 12, 13) , which use oxidized inorganic sulfur compounds as terminal electron acceptors (17) . Many Desulfovibrio spp. can use molecular hydrogen as a sole energy source (3) . Oxidation of the hydrogen occurs at the periplasmic side of the inner membrane by a periplasmically or inner membrane-localized hydrogenase. This creates a proton motive force that drives ATP synthesis (2) ; the electrons are applied for reduction of sulfur compounds in the cytoplasm (8, 16) .
Alternatively, the organisms can grow on lactate or pyruvate, oxidizing these substrates to acetate and CO2 (Fig. 1) . The oxidation of these substrates occurs in the cytoplasm or at the cytoplasmic membrane (14, 24, 25) . Also during growth on lactate or pyruvate, molecular hydrogen is involved. Desulfovibrio cultures grown on these substrates produce excess H2 during the initial growth stages (the so-called hydrogen burst), which is consumed again later (10, 29) . The oxidation both of lactate to pyruvate and of pyruvate to acetyl coenzyme A (acetyl-CoA) may result in H2 production (14) . The role and significance of hydrogen metabolism under these conditions, i.e., whether H2 is an obligatory intermediate linking substrate oxidation and sulfate reduction (12, 13, 15) or only a side product for removal of excess reducing equivalents (10) , is still a matter of controversy.
Several hydrogenases, which differ in cellular localization, in the composition of the active site, and with respect to specific activities in hydrogen production and oxidation, have been isolated from Desulfovibrio spp. (5) . Three dif-* Corresponding author. ferent hydrogenases have been found in Desulfovibrio vulgaris (Hildenborough) (9) . Two of these enzymes are localized in the cytoplasmic membrane and contain nickel in addition to iron-sulfur clusters (16) . The third enzyme is soluble and periplasmic (31) and has only iron-sulfur clusters. This periplasmic Fe-only hydrogenase is the subject of this study. It is a heterodimer of a large ot subunit (46 kDa) and a small a subunit (10 kDa); only the latter subunit is made as a precursor with a cleavable leader sequence for export (34 (27) . Besides the fact that antisense RNA production occurs as a natural mechanism regulating the expression of some prokaryotic proteins (4, 23, 27) , antisense RNA-producing plas- Arrows indicate the direction of transcription of the tet promoter and the orientation of the genes from N to C terminus of the proteins.
which was used as a host for conjugal transfer to D. vulgaris (Hildenborough) (NCIMB 8303). Plasmid transfer was done as described previously (30) .
Growth conditions. For determination of growth parameters, D. vulgaris wild-type and plasmid-containing strains were grown as batch cultures in stoppered 100-or 300-ml serum bottles containing 50 or 150 ml, respectively, of medium. This medium was based on that described by Saunders et al. (20) and contained MgCl2 (0.06 g liter-1), CaCl2 .2H20 (0.06 g-liter-1), KH2PO4 (0.5 g liter-1), NaCl (1 g liter-1), sodium citrate 2H20 (1 g liter-1), Fe2(NH4)2(SO4)2 (0.01 g liter-1), (NH4)2SO4 (7 g Although D. vulgaris has at least three different hydrogenases, the activity of the periplasmic enzyme accounts for approximately 95% of the total cellular hydrogenase activity (7; our unpublished observations); therefore, changes in the total cellular hydrogenase activity were considered a measure of changes in the activity of the periplasmic enzyme. Lactate dehydrogenase and pyruvate dehydrogenase were determined in anaerobic cuvettes as the D,L-lactate-dependent reduction of methylene blue and the pyruvate-, CoAdependent reduction of methyl viologen, respectively (14) . H2 in the culture headspaces was measured by analysis of 100-,ul samples of headspace gas in a gas chromatograph with a silica column and a thermal conductivity detection system. Lactate, pyruvate, and acetate were measured during growth by analysis of 25 ,u of the culture media with an LKB high-performance liquid chromatography (HPLC) system equipped with a Chrompack organic acids column and a refractive index detector. The column was run at 60°C in 0.005 M H2SO4. RESULTS Construction of D. vulgaris clones with reduced hydrogenase activities. As attempts to delete the genes for periplasmic hydrogenase in D. vulgaris have not been successful (30), a different approach was used, i.e., one that allowed suppression of synthesis of the enzyme with antisense RNA. To this end, we constructed plasmid pWB1151, which contains the genes for the a and ,B subunits of this hydrogenase (36) in reverse orientation upstream of the promoter of a gene for tetracycline resistance on IncQ plasmid pSUP104 (Fig. 2) . IncQ plasmids can be stably maintained in D. vulgaris (30) .
After introduction of pWB1151 into D. vulgaris, two of the resulting clones were randomly selected for further study, D. vulgaris(pWB1151)-1 and -2. Northern blots indicated that there was much less hydrogenase mRNA in these clones than in wild-type D. vulgaris or D. vulgaris(pSUP104) (Fig.  3A) . A discrete 1.9-kb RNA species was detected in extracts from D. vulgaris or D. vulgaris(pSUP104) after hybridization with M13HV150 as a labeled probe. On the other hand, the signal detected after hybridization of RNA from D. vulgaris(pWB1151)-1 and -2 with this probe was not only much weaker but also rather heterogeneous, suggesting a reduced stability of the mRNA in these clones. The reduced amount and the heterogeneity of the hydrogenase mRNA in D. vulgaris(pWB1151) was not considered to be an isolation artifact, as other RNAs in these preparations (e.g., rRNA) were virtually undegraded (data not shown). M13HV15Or was used to detect antisense RNA in the D. vulgaris(pWB1151) clones. A smear of RNA (0.3 to 1.2 kb) was detected in the extracts of D. vulgaris(pWB1151)-1 and -2 that was absent in the control strains (Fig. 3B) . The heterogeneity in size of this antisense RNA (which is slightly smaller than the mRNA) suggests that it is very unstable and rapidly degraded. The results indicate that introduction of pWB1151 into D. vulgaris interferes with hydrogenase mRNA synthesis or stability.
Western blot analysis of cell lysates of D. vulgaris(pWB1151) and of the parental strain, grown in lactatesulfate medium, shows a reduced intensity of the bands of the a and P subunits in lysates of the antisense RNAproducing clones (Fig. 4) , indicating that expression of the subunits is suppressed.
Indeed, a moderate decrease in the hydrogenase consumption and production activities was measured in the clones vulgaris(pSUP104), -(pWB1150), -(pWB1151)-1, and -(pWB1151)-2 (lanes 1 to 5, respectively), incubated with antisera raised against the a (top) and P (bottom) subunits of periplasmic hydrogenase.
Equivalent amounts of cell lysates were loaded in all lanes. pp is the precursor for the P subunit. insert as pWB1151 but in opposite orientation; i.e., the hydrogenase genes are directly upstream of and in the same orientation as the tet promoter. Introduction of pWB1150 into D. vulgaris results in a marked increase of hydrogenase mRNA (Fig. 3A) and hydrogenase subunits (Fig. 4 ) compared with the parental strain as a result of transcription of the cloned genes from the tet promoter. However, this does not result in increased hydrogenase activity. The excess of subunits produced in this clone is not assembled into a holoenzyme, as evidenced by the Western blot in Fig. 4 , which shows that D. vulgaris(pWB1150) accumulates a precursor of the P subunit. Accumulation of the p-subunit precursor is due to incomplete export across the cytoplasmic membrane and is indicative of incomplete assembly of the subunits into a holoenzyme (33) .
In most experiments in which pyruvate replaced lactate as the substrate, no suppression of hydrogenase synthesis in D. vulgaris(pWB1151) was observed. Also in pyruvate medium, antisense RNA is produced by the clones, but Northern blotting indicated that, surprisingly, the amount of hydrogenase mRNA is much higher in pyruvate-grown cells than in lactate-grown cells (data not shown); probably, the amount 360[ of antisense RNA is insufficient to result in a significant inhibition of hydrogenase mRNA translation in pyruvategrown cells.
The activities of enzymes involved in lactate oxidation (lactate dehydrogenase and pyruvate dehydrogenase) were determined in the parental strains and the clones (Table 1) . Slightly higher lactate dehydrogenase activities and slightly lower pyruvate dehydrogenase activities were measured in the clones carrying pWB1151. However, these differences were small compared with the differences in hydrogenase activity.
Growth parameters of D. vulgaris clones with reduced amounts of hydrogenase with lactate as a substrate. Growth parameters for wild-type D. vulgaris and for the plasmidcontaining clones were determined with batch cultures in lactate-sulfate or in pyruvate-sulfate medium. Substrate concentrations were varied between 15 and 70 mM; under the conditions used, lactate is saturating at concentrations above 50 to 60 mM. Representative examples of growth curves at excess lactate (70 mM) are shown in Fig. 5 . It is evident from this figure that the hydrogenase-suppressed clone carrying pWB1151 has a growth rate on lactate-sulfate medium lower than that of the parental strain or D. vulgaris(pWB1150). Furthermore, the hydrogenase-suppressed strain did not reach the same density as did cultures of the parental strain. Finally, at low inoculum sizes, this clone showed a considerable but slightly variable increase in lag time before growth started in lactate-sulfate medium (two-to threefold). The two hydrogenase-suppressed clones behaved similarly in (pWB1150), and D. vulgaris(pWB1151) in lactate-sulfate medium. A 50 to 65% reduction in growth rates and a 20% decrease in growth yields was measured for the hydrogenase-suppressed strains at 70 mM lactate. Under conditions that do not result in a decrease of the hydrogenase content of the D. vulgaris(pWB1151) clones (i.e., in pyruvate-sulfate medium), growth rates of these clones and the parental strain were similar.
Lactate consumption, acetate production, and accumulation of H2 in the culture headspaces were measured in cultures of the respective strains. Representative measurements are shown in Fig. 5 . All cultures temporarily accumulated H2 in the headspaces, but the maximal concentrations detected in cultures of the hydrogenase-suppressed strains were three-to fivefold lower than those for wild-type D. vulgaris or for the clone carrying pWB1150. As the concentration of H2 in the culture headspace represents a steady state between H2 production and consumption, a lower concentration in cultures of the hydrogenase-suppressed clones suggests that in these clones hydrogen production is decreased.
Both in the wild type and in the mutant strains, lactate is completely metabolized to acetate (Fig. 5) . HPLC analysis of the carbon compounds in the culture medium gave no evidence for the accumulation of intermediate products during growth or for gross alterations in metabolism. It is clear from Fig. 5 that the lower growth yields of the hydrogenase-suppressed clones at 70 mM lactate are not due to exhaustion of the substrate: growth stopped long before all lactate was consumed.
DISCUSSION
In the experiments described in this report, moderate changes have been made in the amount of the periplasmic Fe-only hydrogenase expressed in D. vulgaris cells. In comparison with the parental D. vulgaris strain, a two-to threefold decrease in hydrogenase activity was measured in the D. vulgaris clones that produce antisense RNA from pWB1151 in lactate-sulfate medium. Although this difference in activity is quite low, it was consistently measured in a number of experiments, with cultures in different stages of growth (Table 2 ). This two-to threefold-reduced hydrogenase content correlates with a 50 to 65% decrease in growth rates of the hydrogenase-suppressed clones.
What is the evidence that this decrease in growth rates and yields of the D. vulgaris(pWB1151) clones in lactate-sulfate medium is due to the reduced hydrogenase content and not to a trivial effect (for example, the energy requirement of plasmid replication and transcription in these clones)? First, under growth conditions that do not result in suppression of hydrogenase activity in the clones carrying pWB1151 (i.e., in pyruvate-sulfate medium), growth rates for the parental strain and the clones are similar (Table 3) . Second, no decrease in growth rates and yields was observed in lactategrown cultures of D. vulgaris(pWB1150), which has the same plasmid load as D. vulgaris(pWB1151) (Fig. 5) .
The growth parameters determined for wild-type D. vulgaris and the hydrogenase-suppressed clones directly indicate an important if not essential function for this hydrogenase in lactate-sulfate metabolism. The lower levels of H2 measured during the hydrogen burst in the headspaces of cultures of the hydrogenase-suppressed strains grown in lactate-sulfate medium suggest that the periplasmic hydrogenase is involved in hydrogen production rather than hydrogen oxidation. Unfortunately, we are unable to determine which of the two oxidation reactions in lactate metabolism (lactate --pyruvate or pyruvate --acetyl-CoA) donates protons and electrons to the periplasmic hydrogenase.
A function for periplasmic hydrogenase in the metabolism of lactate has been postulated previously (12, 16) , but experimental evidence has been scarce and has never been obtained with cells under normal cultivation conditions. This is the first time that the involvement of periplasmic hydrogenase in lactate metabolism has been demonstrated in growing D. vulgaris cells. The most convincing evidence until now was presented by Odom and Peck (12) , who showed that spheroplasts of D. gigas lacking a periplasmic hydrogenase and cytochrome C3 were unable to reduce sulfate with lactate, but that this activity was partially restored after addition of the periplasmic D. vulgaris hydrogenase and cytochrome C3. Although our results indicate that the periplasmic hydrogenase is indeed involved in lactate metabolism, they point to a role in hydrogen production rather than in the reuptake of hydrogen, as stated by Odom and Peck (12) . A role for this enzyme in hydrogen production is not unexpected. Although the purified enzyme has a 10-foldhigher maximal activity in the hydrogen oxidation assay than in the hydrogen production assay with artificial electron acceptors and donors (40,000 U * mg-1 versus 4,000 U. mg-1; 31) , Km values of Fe-only hydrogenases for H2 are high (ca. 100 ,uM), suggesting that at low H2 concentrations the enzyme functions primarily in H2 production. Even at a concentration of H2 in the gas phase of 180 ,uM ( Fig. 5A and  B) , the concentration in the culture medium is expected to be not more than a few micromolar, given the solubility for H2 in water (0.8 mM at 1 atm and 30°C).
Our experiments do not directly answer the question of why the Fe-only hydrogenase and H2 production are important during growth of D. vulgaris on lactate. It has been suggested that H2 production linked with lactate oxidation might occur as a side reaction, in order to regulate the redox states of electron carriers (10) . However, both the large amount of the Fe-hydrogenase in D. vulgaris cells (35) and the two-to threefold-reduced growth rates at a two-to threefold reduction of the cellular content of this enzyme argue for a central rather than a regulating role in metabolism. In the obligate hydrogen cycling model (12, 15, 16) , H2 has a central role as an intermediate in the transfer of electrons between substrate and terminal electron acceptor. However, although H2 production coupled to the oxidation of both lactate and pyruvate (14) and cycling of H2 during pyruvate oxidation (15) have been demonstrated, direct evidence that H2 cycling functions as an obligate mechanism for energy conservation in Desulfovibrio spp. is still lacking.
Besides the periplasmic, Fe-only hydrogenase, D. vulgaris (Hildenborough) has at least two different hydrogenases (9), one with a Ni-Fe cluster and the second with a Ni-Fe-Se cluster, localized at the outer and inner aspect of the cytoplasmic membrane, respectively (19) . As cloned genes for different hydrogenases from several Desulfovibrio strains are now available, the genetic approach used in this study may be helpful in analyzing the function of each of these enzymes to obtain a complete picture of hydrogen metabolism in Desulfovibrio spp.
